Coptotermes gestroi (Wasmann), an invasive termite species in Taiwan, has been a major structural pest in southwestern Taiwan. C. gestroi was recently reported to have infested living trees in a Taiwanese forest, showing its potential of becoming an invasive forest pest in Taiwan. To determine whether C. gestroi have naturalized in the forests, we monitored their dispersal flights and estimated their colony development status on the basis of their worker and soldier morphology. The results showed that mature C. gestroi colonies occurred in forest, indicating that C. gestroi has naturalized. The colony sizes of C. gestroi were estimated using a triple mark-release-recapture method. The three studied colonies contained 0.12-0.20 million individuals, which was smaller than that reported in previous studies conducted in urban environments. We speculate that C. gestroi population is suppressed by ants and another dominant termite species, Odontotermes formosanus (Shiraki). Colony elimination was achieved four months after employing termite baits for controlling the three colonies of C. gestroi in forest. In summary, although C. gestroi have naturalized in Taiwan, their further expansion in the forest has likely been restricted by ants and other termite species. Termite baits can be a practical option for controlling C. gestroi in the forests.
and C. gestroi occurs in early evening, and these alates are attracted by artificial light. During the dispersal flight season, alates likely fly out from infesting boats and are attracted by light at ports, which results in new introduction at costal area (Scheffrahn et al. 2015) .
In Taiwan, C. formosanus is a native species, whereas C. gestroi is an invasive species, likely introduced from the Philippines (Li et al. 2009 ). Although the presence of C. gestroi in Taiwan was confirmed recently (Tsai and Chen 2003) , it was probably introduced in Taiwan >100 yr ago (Li et al. 2010) . C. formosanus was reported in lowland areas around the Taiwan Island, but C. gestroi was limited to the southwestern area (Yang and Li 2012) . In urban areas of Taiwan, C. formosanus and C. gestroi are the most destructive pests, accounting for >87% termite infestation (Li et al. 2011a) , with similar infestation rates in the overlapping zone (Taiwan Termite Identification Service 2015) .
Coptotermes spp. attack multiple tree species (Lai et al. 1983 , La Fage 1987 , Cowie et al. 1989 , Logan et al. 1990 ) and are the major termite pests infesting living trees (Tho 1974 , Apolin ario and Martius 2004 , Jasmi and Ahmad 2011 . In the central Amazonian rain forests, $38% of the living trees had hollowed cores, and $70% of them were infested by Coptotermes spp. (Apolin ario and Martius 2004) . In Teluk Bahang Forest Park, Malaysia, $74% of termite infestations on Araucaria were caused by Coptotermes spp. (Jasmi and Ahmad 2011) . The trees infested by Coptotermes spp. were hollowed, structurally damaged, and more likely to fall (Osbrink et al. 1999) . Infestation of living trees by C. gestroi has been reported in Brazilian and Malaysian urban areas (Lee 2014, Zorzenon and Campos 2015) . Recent termite surveys in less-disturbed environment in Taiwan showed that living trees were infested by C. gestroi (Li et al. 2011b (Li et al. , 2015 , and the infested trees included native and economically valuable tree species, such as Calocedrus formosana (Florin) and Fraxinus formosana Hayata. C. gestroi is considered as a potential forest pest and a threat to native plants in Taiwan.
Mature C. gestroi colonies contain millions of individuals (Sornnuwat et al. 1996 , Arab et al. 2005 , Abdul Hafiz and Abu Hassan 2015 , and their foraging distances may exceed 100 m (Arab et al. 2005) , which can hinder their elimination. Subterranean termite control practices in the urban areas include three major methods-soil termiticide injection around target building to form a barrier, direct injection of liquid termiticide in wood, and population control by using baits (Su and Scheffrahn 2000) . Because the control areas in forest are larger and diversity of nontarget living organisms is higher, soil treatment and liquid termiticide injection in trees may not be practical for C. gestroi control. Termite baitcontaining cellulose and <1% of the active ingredient, chitin synthesis inhibitor-is a specific control tool for termite colony elimination (Evans and Iqbal 2014) . To increase the durability of the bait and reduce the labor cost involved in monitoring-baiting procedures, Su (2007) proposed the use of durable baits to bypass the monitoring phase of the bait system to reduce labor cost, minimize disturbance of termites, and to be used in large agricultural fields where the routine service of stations is nearly impossible. In 2009, a durable bait, Recruit HD, was developed and commercialized by Dow AgroSciences (Eger et al. 2013) . The Recruit HD bait is highly durable in the field because of the cellulosic material embedded in polyurethane for increasing the hydrophobicity property (Eger et al. 2013) . Thus, the Recruit HD bait is a potential termite control tool in forests. Falk-Petersen et al. (2006) defined "naturalization" as an ecological status where a nonnative species have established self-sustaining populations. Even though C. gestroi is a common urban pest in Taiwan, their naturalization status in forest environments remains unknown. To assess the risk of C. gestroi damage in the forest environment, we set up four long-term termite monitoring plots in Nantou, Taiwan. The naturalization degree of C. gestroi in the forest was estimated on the basis of the colony maturity and dispersal flight events. Colony and territory sizes of three C. gestroi colonies were assessed using a mark-release-recapture (MRR) method (Su and Scheffrahn 1988, Su et al. 1993b) . The efficacy of the Recruit HD bait for controlling C. gestroi in forest was also evaluated.
Materials and Methods

Study Plot and Termite Survey
The study site was in the Xiaping Tropical Botanical Garden, the Experimental Forest, National Taiwan University, Nantou, Taiwan (23.77 N, 120 .67 E; area: 8.87 ha; Fig. 1 ). We surveyed C. gestroi infestation of living trees, dead standing trees, and stumps ( Fig. 1 ) and installed aboveground monitoring stations on trees ( Fig. 2A and  B) . The aboveground station, modified from Su et al. (1996) , was a plastic jar (diameter: 12.7 cm, height: 10.2 cm) containing a bundle of radiata pine slates, Pinus radiate D. Don (18 pieces, 8.5 by 6.5 by 0.2 cm 3 ). Two semicircular openings were cut on the cap, which was then screwed on tree barks ( Fig. 2A) , allowing termites to access the pine slates in the plastic jar (Fig. 2B) . The aboveground station was covered with a polyester sheet (Fig. 2B) to reduce the light effect and temperature fluctuation and to sustain termite feeding behavior. Four living trees infested by C. gestroi were selected as target trees (Fig. 1) . To estimate the termite colony size and territory, wood stake surveys were conducted in four 50-by 50-m plots with the target trees at the center of each plot (Fig. 3) . Eight stakes (radiata pine; 1.5 by 5.5 by 30.5 cm 3 ) were driven into the soil adjacent to each target tree. Twenty-four wood stakes were installed at 2.5-m intervals in the 10-by 10-m area with the target tree at the dead center, and more stakes were installed at 5-m intervals in the 50-by 50-m grid plot outside of the central 10-by 10-m area. If the designated site was unsuitable for installing stakes (e.g., in the middle of trails, concrete buildings, or tombs), the stake was moved to the closest site along the four cardinal directions. Only two stakes were not installed using the aforementioned plan. In total, 581 stakes (143-148 stakes per plot) were installed (Fig. 3) . The stakes were installed in January 2013 and inspected monthly until October 2015. The number of stakes infested by C. gestroi and other termite species were determined, and the consumption of the stakes was visually estimated. The monthly consumption rates (%) of the wood stakes were calculated on the basis of the differences in consumptions between present and previous months. Stakes with >50% consumption were replaced with a new one. When a stake was infested by C. gestroi, an underground monitoring station was installed next to the infested stake ( Fig. 2C ). The underground station, modified from Su et al. 1993a , was a plastic box (21.1 by 16.5 by 10.8 cm 3 ) containing two bundles of radiata pine pieces (18 pieces, 8.5 by 13 by 0.2 cm 3 ). The bottom of the underground station was cut off, allowing termite access to the wood pieces. After installation, we covered the underground station with a lid and then buried it by using soil.
Territory Delineation and Colony Size Estimation
The triple MRR programs were conducted to delineate the foraging territories of C. gestroi colonies and to estimate their colony sizes. The programs were conducted at the two most distant plots, Plots 1 and 3, in October 2013 ( Fig. 1 ). Termites present in Plot 2 were later confirmed to have originated from the colony on Plot 1. The MRR program of Plot 4 began in May 2014. Termites collected from the aboveground stations were transported to our laboratory and force-fed filter paper (250 individuals per paper; Advantec No. 1, Toyo Inc.; diameter: 90 mm) stained with 0.5% (wt/wt) neutral red in a plastic box (21.1 by 16.5 by 10.8 cm 3 ), placed in a laboratory cabinet at an ambient temperature (27.91 6 0.63 C) for 3 d (Su et al. 1991) . The stained termites were released to the station they were collected from. After 1 wk, all the aboveground and underground stations were checked for stained termites. Stations with stained termites were considered belonging to the same colony, and the termites were returned to the laboratory and again fed dyed filter paper. After 3 d, dyed termites were released back to their respective stations. The MRR programs were conducted three times for each termite colony. The termite territories were presented as the maximum linear distances between monitoring stations of the same colony. Colony size (N) and standard error (SE) were estimated using the weight mean model (Begon 1979) :
where M i is the total number of stained termites in the ith cycle, n i represents the number of captured termites, and m i represents the number of stained individuals of captured termites.
Estimating Colony Development Status
Dispersal flight is an indicator of mature termite colony. To detect the dispersal flight of C. gestroi, a Sea, Land, and Air Malaise trap with a bottom collector (Models BT1004 and BT1007, MegaView Science Co., Ltd., Taichung, Taiwan) was set up at the study site and checked at least every 2 wk from February 2013 (Fig. 1) . Colony development status, categorized as incipient, immature, juvenile, and mature colony, was defined by the number of antennal segments in workers and distribution of setae around the fontanelle of the soldiers . Twenty-five workers were selected from each colony and their antennal segments were counted. We also examined the distribution of setae around the fontanelle in 25 soldiers from each colony. Voucher specimens were deposited in the National Chung Hsing University (NCHU) Termite Collection, Taichung, Taiwan.
Baiting
Termite baits with 0.5% noviflumuron (Recruit HD bait, Dow AgroSciences LLC, Tokyo, Japan) were applied on the three Fig. 1 . Long-term termite study plots in the Xiaping Tropical Botanical Garden, the Experimental Forest, National Taiwan University. Termite activity was monitored in four 50-by 50 -m plots using wood stake surveys and triple mark-release-recapture programs. A modified Malaise trap-Sea, Land, and Air Malaise (SLAM) trap-was used for termite alate collection.
C. gestroi colonies. The baiting process began in October 2014. One bait was placed in the underground monitoring station closest to the target tree (Fig. 3) . For Colony C, termite activity was observed only in the aboveground station on the target tree; hence, we installed an additional underground station adjacent to the target tree for bait application. All stations were checked every 2 wk after bait installation.
Statistics
To estimate colony development status of C. gestroi, we analyzed the similarity between the distribution of setae around the fontanelle in soldiers obtained in this study and that of incipient or mature colony provided by with Pearson correlation by using the R software (R Development Core Team 2013).
Results
Colony and Territory Size
Three termite species-C. gestroi, Odontotermes formosanus (Shiraki), and Pericapritermes nitobei (Shiraki)-were detected through wood stake surveys. Infestation rate of O. formosanus is higher than that of C. gestroi in all months (Fig. 4) , from February 2013 to October 2015. A total of 17 wood stakes were infested by C. gestroi. 396 wood stakes were infested by O. formosanus. The total consumptions of C. gestroi and O. formosanus were 7.1 and 502.0 wood stakes, respectively. O. formosanus is the most dominant termite species in the study site. P. nitobei, a soil-feeding termite, only excavated tunnels adjacent to six wood stakes. Over 50 ant species were also discovered in the wood stakes. For the MRR programs, the numbers of released and captured termites and the marked termites among those captured are summarized in Table 1 . The colony sizes of the three C. gestroi colonies ranged from 0.12 to 0.20 million with maximum linear distances ranging from 0 to 80 m ( Table 1) . The territory and colony sizes of Colony A were the largest (Table 1) and those of Colony C were the smallest (Table 1) . Termite territory and colony sizes were positively correlated.
Colony Status
Dispersal flight of C. gestroi was detected in March and April for three consecutive years (NCHU specimen code, collection period: TW4111, March 6-20, 2013; TW4155 and TW4157, April 18-29, 2013; TW4229, March 17-29, 2014; TW4318, March 21 to April 7, 2015; TW4319, April 7-25, 2015) , indicating that C. gestroi had naturalized in the Xiaping Tropical Botanical Garden. Twenty-five workers and twenty-five soldiers from each colony were examined for colony status (NCHU specimen codes: Colony A: TW4262, TW4266, TW4267, and TW4271; Colony B: TW4126, TW4127, and TW4162; Colony C: TW4267 and TW4278). The number of antennal segments in workers in foraging sites among the three colonies ranged from 12 to 16, indicating the presence of 6 th instar workers and all colonies were mature according to Chouvenc and Su (2015) (Fig. 5) . The number of setae around the fontanelle in soldiers ranged from 0 to 2 and 0 to 1 on right and left sides, respectively (Fig. 6 ). Most soldiers had one pair of setae around the fontanelle (Colony A: 80%, Colony B: 92%, Colony C: 100%; Fig. 6 ). 
Colony Elimination
Termite activities in all underground and aboveground monitoring stations of Colony A, B, and C were not observed in 3, 4, and <1 mo after baiting, respectively. Since March 2015, C. gestroi ceased in any wood stake or monitoring station on the four plots (Fig. 4) . Less than 20% bait was consumed by Colony A and B, whereas <5% was consumed by Colony C. The total amount of active ingredient required for the elimination of one C. gestroi colony was <0.2 g-calculated as follows: bait weight Â consumption proportion Â percentage of active ingredient ¼ 155 g Â 20% Â 0.5% ¼ 0.155 g. The invasion of the fungus-growing termite, O. formosanus, and ants in the monitoring stations were observed. After C. gestroi elimination, O. formosanus begin feeding on termite baits in one to four months and consumed all baits in another three months. However, no visible effect of bait on O. formosanus was observed.
Discussion
In the current study, the perennial alate dispersal flights and multiple mature colonies found in the Xiaping Tropical Botanical Garden indicated that C. gestroi population has naturalized in the forest. The warm and humid environment of the study site with average annual temperature of 23.0 6 0.2 C and annual precipitation of 2,572-2,625 mm (2011-2013 climatic data, Zhushan meteorological station, Zhushan, Nantou) is a suitable habitat of C. gestroi (Li et al. 2013 ). Both C. formosanus and C. gestroi were present at the study site (Li et al. 2011b ); however, their infestation rates differed. Only (Table 1) .
one tree was infested by the endemic species, C. formosanus, whereas 13 trees were infested by the invasive species, C. gestroi, according to Li et al. (2011b) . In the present study, no C. formosanus was detected through the wood stake surveys, but 17 stakes were found to be infested by C. gestroi, confirming that C. gestroi is more dominant than is C. formosanus at this location. A previous termite survey in the overlapping area of the two congeneric species showed that small differences in temperature and humidity may result in different habitat suitability for the two species (Li et al. 2015) . The current study site was likely a more suitable environment for C. gestroi. Compared with those reported in urban areas (Arab et al. 2005 : 0.66-2.00 millions, Sornnuwat et al. 1996 : 1.13-2.75 millions, Abdul Hafiz and Abu Hassan 2015: 0.11-4.19 millions), the C. gestroi colony sizes in the Xiaping Tropical Botanical Garden were smaller (0.12-0.20 millions, Table 1 ). Because the three monitored colonies had already reached the mature status, the number of their colonial individuals was not likely limited by colony developmental time. The global distribution of C. gestroi is highly associated with urbanization (Li et al. 2013 , Chouvenc et al. 2015b ), and few studies report on the presence of C. gestroi in forests; thus, C. gestroi may be more adaptive to the urban environment than to the forest environment. Haagsma and Rust (1995) , who suggested the positive effect of urbanization on termite colony size, demonstrated that another subterranean termite, Reticulitermes hesperus Banks, has smaller colonies in less-disturbed areas but larger colonies in urban areas.
Human disturbance may decrease the termite diversity in an ecosystem (Eggleton et al. 1996) , and interspecific interactions differ among urban and natural environments. In the current study site, the fungus-growing termite O. formosanus fed on most wood stakes and pine slates in the C. gestroi monitoring stations. The food competition between O. formosanus and C. gestroi may have restricted food availability and colony territory of C. gestroi. In addition to termites, the ant population in wood stakes is highly diverse. Termite-predatory ants such as Anoplolepis gracilipes (Jerdon) and Pheidole megacephala (F.) (Dejean et al. 2007 , Fotso Kuate et al. 2008 , were also present in the aboveground and underground monitoring stations. Termites is the major food of A. gracilipes, which constitute 57.9% of overall prey composition (Fotso Kuate et al. 2008 ). The presence of P. megacephala may limit the territory The station codes are listed in parentheses, and the detailed locations are provided in Fig. 3 .
expansion of subterranean termites (Chouvenc et al. 2015a) . The negative pressures of other termite species and ants on C. gestroi were confirmed in this study, but these effects warrant further quantification.
The naturalization of C. gestroi and its infestation of living trees indicate its potential to become a forest pest in Taiwan. Many invasive forest insects, such as the balsam wooly adelgid [Adelges piceae (Hemiptera: Adelgidae)], hemlock wooly adelgid (Adelges tsugae), and gypsy moth [Lymantria dispar (Lepidoptera: Lymantriidae)], killed native tree species in eastern North America (Kenis et al. 2009 ). In Taiwan, the invasive gall wasp Quadrastichus erythrinae Kim can kill coral trees (Erythrina spp.) (Yang et al. 2004 ). The invasive forest insects may decrease the population of susceptible tree species and change the native plant communities (Kenis et al. 2009 ). The mortality caused by C. gestroi in trees has not been reported thus far; nevertheless, Osbrink et al. (1999) and Tho (1974) have reported on trees weakened by other Coptotermes spp. Further investigation on the spatial distribution of C. gestroi in forests and their damage pattern as well as susceptible tree species in Taiwan is required for future forest management.
The present study showed that the Recruit HD bait can be used to control C. gestroi colonies in forest environment. Less than 31 g of termite bait is sufficient for colony elimination. However, the remaining bait was consumed by the nontarget termite, O. formosanus, within a few months, which limited the availability of the bait for long-term control of the target C. gestroi. A similar succession of termite species at bait stations has been reported in Thailand (Sornnuwat et al. 1996) and in Malaysia and Singapore (Lee et al. 2007 ). Lee et al. (2007) reported that after Coptotermes spp. was Fig. 5 . Distribution of worker antennal segments in the three C. gestroi colonies. Estimation of the colony development status-the ranges of worker antennal segment of three C. gestroi colonies were compared with that of juvenile and mature colonies proposed by . The three observed C. gestroi colonies were mature. eliminated, many higher termite genera including Odontotermes, Microtermes, Macrotermes, Microcerotermes, and Globitermes was discovered at the bait stations; however, the baits were generally ineffective in controlling these higher termites. The baits with chitin synthesis inhibitors could suppress small colonies of fungus-growing termites, but they were ineffective in controlling large colonies . Although termite baits were consumed by O. formosanus, the bait is not likely to eliminate its colony, which limits the negative effect of termite bait on nontarget termite species.
The present 3-yr observation study of C. gestroi in the forest environment revealed that the invasive species has naturalized in Taiwan. Nevertheless, C. gestroi colony development is under strong negative pressure by an endemic termite species, O. formosanus. Baits are a practical and ecofriendly option for controlling C. gestroi in the forest environment. Additional studies on reducing the bait consumption by nontarget termite species and increasing the encounter rate of target species are warranted.
